Endotoxemia is caused by excessive inflammation, but the immune system has various mechanisms to avoid collateral organ damage in endotoxemia. A handful of reports have shown that innate immune responses are suppressed by the adaptive immune system. However, the molecular mechanism by which adaptive immune cells suppress innate inflammatory responses is not clear. Here, we report that T cells are shown to interact with macrophages at the early stage of enodotoxemia and to prolong survival of mice through controlling TNF and IL-10 levels by macrophage CD40 stimulation. The cross-talk between CD40 and toll-like receptor (TLR4) signaling first mediates IL-1 receptor-associated kinase 1 (IRAK1) nuclear translocation and its binding to the IL-10 gene promoter in macrophages, without interfering with the NFκB pathway. IL-10 is then detected by macrophages in an autocrine fashion to destabilize Tnfa mRNA. To induce IRAK1-mediated IL-10 expression, signals from both CD40 and TLR4 are essential. CD40 signaling induces IRAK1 sumoylation in the presence of TNF receptor-associated factor 2 (TRAF2) and intracellular isoform of osteopontin (iOPN) whereas TLR4 signaling provides IFN regulatory factor 5 (IRF5) as a chaperone for sumoylated IRAK1 nuclear translocation. Interaction of T cells with macrophages was observed in the spleen in vivo after endotoxemia induction with LPS injection. Our study demonstrates a mechanistic basis for the immunosuppressive role of macrophage CD40 in LPS endotoxemia.
Endotoxemia is caused by excessive inflammation, but the immune system has various mechanisms to avoid collateral organ damage in endotoxemia. A handful of reports have shown that innate immune responses are suppressed by the adaptive immune system. However, the molecular mechanism by which adaptive immune cells suppress innate inflammatory responses is not clear. Here, we report that T cells are shown to interact with macrophages at the early stage of enodotoxemia and to prolong survival of mice through controlling TNF and IL-10 levels by macrophage CD40 stimulation. The cross-talk between CD40 and toll-like receptor (TLR4) signaling first mediates IL-1 receptor-associated kinase 1 (IRAK1) nuclear translocation and its binding to the IL-10 gene promoter in macrophages, without interfering with the NFκB pathway. IL-10 is then detected by macrophages in an autocrine fashion to destabilize Tnfa mRNA. To induce IRAK1-mediated IL-10 expression, signals from both CD40 and TLR4 are essential. CD40 signaling induces IRAK1 sumoylation in the presence of TNF receptor-associated factor 2 (TRAF2) and intracellular isoform of osteopontin (iOPN) whereas TLR4 signaling provides IFN regulatory factor 5 (IRF5) as a chaperone for sumoylated IRAK1 nuclear translocation. Interaction of T cells with macrophages was observed in the spleen in vivo after endotoxemia induction with LPS injection. Our study demonstrates a mechanistic basis for the immunosuppressive role of macrophage CD40 in LPS endotoxemia.
OPN | CD40L | CD154 | simultaneous stimulation | T cell migration W hen acute infections occur, hosts will respond to invading microbes by recruiting immune cells and allowing these cells to produce copious proinflammatory cytokines, such as TNF, to eliminate the microbes from the hosts. This acute inflammatory response needs to be well-regulated because excessive inflammation is harmful for the host itself. To prevent hyperinflammation, innate immune cells are equipped with various inhibitory mechanisms. The majority of inhibitory mechanisms that are currently understood are innate cell-intrinsic., i.e., they involve inhibition by epigenetics (1) and intracellular inhibitory proteins, such as TRAF family member-associated NFκB activator (TANK) (2), A20 (3, 4) , and proteins involved in autophagy (5, 6) . On the other hand, a handful of reports have shown that innate immune responses are suppressed by the adaptive immune system (7) (8) (9) . For example, T cells suppress macrophage IL-1β expression by downregulating nod-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome activity by cell-cell interaction (8) . T cells protect mice from poly-I:C-induced endotoxemia by suppressing production of proinflammatory cytokines (7) . Another study showed a role for type I IFN-activated B cells in protective early innate immune responses during bacterial sepsis (9) . However, molecular mechanisms of innate suppression by the adaptive immune system are not clear. In addition, it was elusive whether direct contact between innate and adaptive immune cells actually occurs in vivo.
In this study, we demonstrated the in vivo T cell-macrophage interaction at the early stage of endotoxemia. Macrophage CD40 ligation by CD40L (CD154) on T cells is shown to down-regulate excessive TNF production by LPS-stimulated macrophages and to control LPS-induced endotoxemia. The mechanism does not interfere with the NFκB pathway but is achieved by an unconventional mechanism by which IRAK1 works as a transcription factor of the Il10 gene in the presence of the intracellular isoform of osteopontin (iOPN).
Results

T Cells Have a Protective Role in LPS Endotoxemia by Down-
Regulating TNF. Rag2 −/− mice, which lack T and B cells, were significantly susceptible to LPS-induced endotoxemia compared with wild-type (WT) mice (Fig. 1A) . Rag2 −/− mice had higher serum levels of IL-10 but were lower in serum TNF levels compared with WT mice at 17 h after LPS infection (Fig. 1B) . We took a time course of serum IL-10 levels, which had the peak at 3 h after LPS injection for both WT and Rag2 −/− mice, but Rag2 −/− mice failed to increase IL-10 levels as WT did at the peak time and beyond (Fig.  S1A ). Serum levels of TNF, a main causal factor of sepsis and endotoxemia (10) (11) (12) (13) (14) (15) , had the peak at 1 h after LPS treatment to the same levels in WT and Rag2 −/− mice (Fig. S1A ). TNF levels quickly went down after the peak, but Rag2 −/− mice did not reduce TNF serum levels as much as WT mice did and had twice more TNF serum concentration at 12 h and beyond ( Fig. S1A and Significance Appropriate development of inflammation is essential to protect hosts from microbial infections, but inflammation can occasionally overshoot and cause collateral damage in hosts. Such hyperinflammation happens during endotoxemia and sepsis, and is attributed to excessive production of proinflammatory cytokines by host cells, such as macrophages. In this study, we demonstrate an unconventional mechanism by which T cells regulate cytokine production of macrophages. It is our general understanding that fast-acting immune cells (such as macrophages) "instruct" how T cells should behave through the step termed antigen presentation. However, what we show here is that T cells instruct macrophages to down-regulate a key proinflammatory cytokine, TNF, within hours after the initiation of endotoxemia. Fig. 1B) . Thus, levels of TNF had an inverse correlation with those of IL-10 at 3h and beyond ( Fig. 1B and Fig. S1A ). Other major proinflammatory cytokines and chemokines, such as IL-6 and chemokine (C-X-C motif) ligand 1 (CXCL1), did not show difference between Rag2 −/− and WT mice (Fig. S1B) , ruling out the general alteration in expressing cytokines and chemokines in Rag2 −/− mice. Similar to the protein levels, levels of Tnfa and Il10 mRNA, but not Il6 and Il12p40 mRNA, were significantly different between Rag2 −/− and WT mice in splenic CD11b
+ cells (Fig. S1C) , suggesting that the presence of T or B cells decreases TNF and increases IL-10 at the stage before translation.
Reconstitution of total T cells from naive WT mice successfully improved survival of the Rag2 −/− recipients against endotoxemia (Fig. 1C) , suggesting that T cells protected Rag2 −/− recipients. A similar protection effect against endotoxemia was observed with reconstitution of either CD4 + T cells or CD8 + T cells in Rag2 −/− recipients ( Fig. 1C and Fig. S1D ).
T Cell-Macrophage Direct Contact Reduces TNF-Mediated Inflammation.
To ask whether T cell-macrophage contact is necessary for altering TNF and IL-10 levels, we first carried out ex vivo coculture of T cells and macrophages in the presence of LPS with or without transwells. Addition of CD4 + T cells to the macrophage culture in the presence of LPS reduced changed TNF and IL-10 production without transwells, but the changes were abrogated by separating T cells from macrophages by transwells (Fig. 1D) . Again, the change in cytokine expression was not universal because production of IL-6 and CXCL1 levels was not altered (Fig. S1E) . The data suggested that direct contact between CD4 + T cells and macrophages is required for the T-cell-mediated function.
Next, we asked whether T cell-macrophage interaction actually occurs in LPS-injected mice by harvesting spleens at various time points and analyzing spleen sections by confocal microscopy. CD4 + T cells and macrophages were separately localized in the spleen of naive mice until 1 h after LPS treatment ( Fig. 1E and Fig. S1F ). However, 3 h after LPS injection, CD4
+ T cells moved into the region where red-pulp macrophages (RPMs) were abundant ( Fig.  1E and Fig. S1F ) and interacted with RPMs ( Fig. 1F and Movie S1). Real-time movement of T cells toward macrophages was also observed with two-photon microscopy (Movie S2). In addition to RPMs, CD4 + T cells seemed to interact with marginal metallophilic macrophages (MMMs), but not with marginal zone macrophages (MZMs) (Fig. 1F and Fig. S1G ). CD8 + T cells, but not B cells, also showed localized proximity to RPMs after LPS treatment (Fig. S1 H  and I) . In summary, direct interaction between T cells and macrophages suppressed TNF production by macrophages, and the interaction started to be observed in vivo 3 h after LPS treatment. (Fig. 1D) 
CD44
− CD4 + T cells from naive mice did not express significantly higher CD40L compared with an isotype control ( Fig. S2 A and B) . Indeed, our ex vivo T cell-macrophage coculture experiments showed that CD62L + CD44 − CD4 + T cells from naive mice failed to suppress TNF production by macrophages, but various subsets of CD4 + T cells (naive, effector, regulatory) and CD8 + T cells from LPS-treated mice successfully suppressed TNF production (Fig. S2C ). CD40L blocking antibody (Ab) successfully abrogated CD4 + T-cell-mediated TNF attenuation ( T-cell reconstitution. All of the experiments here are representative of at least two similar experiments for each. Final concentrations of LPS and Ab/IgG in tissue culture were 100 ng/mL and 10 μg/mL, respectively, unless otherwise noted. *P < 0.05. ns, no significance.
was agonistic Ab, not antagonistic Ab.) On the other hand, CD40 Ab enhanced IL-10 production in LPS-stimulated macrophages (Fig. 2D ). Next, we tested the protective role of CD40 in endotoxemia. Cd40 −/− mice were indeed more susceptible than WT mice in LPS-induced endotoxemia (Fig. 2E) , and showed higher and lower expression levels of TNF and IL-10 than WT mice, respectively (Fig. 2F) . Furthermore, reconstitution of Cd40l −/− T cells did not protect Rag2 −/− recipients against endotoxemia (Fig.  2G) . Taken together, CD40L-CD40 interaction between T cells and macrophages seems to protect mice by negatively regulating toll-like receptor (TLR4)-mediated TNF production.
CD40 Signaling Negatively Regulates the Stabilization of Tnfa mRNA
Through IL-10 Production. Next, we tried to clarify how CD40 stimulation inhibited LPS-induced cytokine production. A major pathway responsible for activating cytokine expression by TLR4 is through NFκB. However, stimulating macrophages with CD40 agonistic Ab had no impact on NFκB activity whereas NFκB in B cells responded to CD40 treatment (Fig. S3A) . NFκB p65 was not translocated to the nucleus with CD40 stimulation alone in macrophages ( Fig. 3A and Fig. S3B ). CD40 Ab also failed to alter NFκB activity and nuclear translocation in LPS-stimulated macrophages ( Fig. 3A and Fig. S3 A-C). These results suggested that the NFκB pathway is not involved in regulating LPS-mediated cytokine production by CD40 stimulation (Fig. 2 A-C) . We therefore sought the possibility of posttranscriptional regulation by evaluating Tnfa mRNA stability. The half-life of Tnfa mRNA in macrophages with LPS alone was 3.7 h, but CD40 stimulation shortened the halflife to 1.5 h (Fig. 3B) , suggesting that CD40-mediated TNF attenuation is attributed to the destabilization of Tnfa mRNA.
As previously reported that IL-10 receptor signaling destabilizes Tnfa mRNA (16, 17) , recombinant (r) IL-10 treatment reduced LPS-induced Tnfa mRNA levels in macrophages (Fig.  S4) . Neutralization of IL-10 indeed reverted the effect of CD40 treatment in LPS-stimulated macrophages (Fig. 3B ). In addition, IL-10 neutralization prevented TNF attenuation by CD4 + T cells (Fig. 3C ). In conclusion, CD40-mediated attenuation of TNF production by macrophages is attributed to the destabilization of Tnfa mRNA mediated by IL-10.
Simultaneous Stimulation of TLR4 and CD40 Induces IRAK1 Nuclear Translocation, Which Leads to IL-10 Production in Macrophages. Here, we sought to understand the molecular mechanism by which CD40 and TLR4 costimulation enhances IL-10 production. Because CD40 stimulation did not alter NFκB activation in macrophages (Fig. 3A and Fig. S3 ), mechanisms that require NFκB were ruled out. Instead, we looked into IRAK1 because IRAK1 directly binds to the Il10 promoter as a transcription factor (18) . Simultaneous stimulation with LPS plus CD40 Ab, but not LPS or CD40 Ab alone, successfully translocated IRAK1 to the nucleus (Fig. 4A) . Immunoblotting analysis detected IRAK1 in a nuclear lysate by costimulation of TLR4 and CD40 (Fig. 4B) . The size of the nuclear IRAK1 (∼100 kDa) indicated posttranslational modifications (18) . Furthermore, binding of IRAK1 to the Il10 promoter in TLR4/ CD40-stimulated macrophages was detected by a ChIP assay (Fig.  4C) . Irak1 shRNA reduced IL-10 production in macrophages stimulated with LPS and CD40 Ab (Fig. 4D) . Taken together, simultaneous stimulation of TLR4 and CD40 induces IRAK1 nuclear translocation to enhance IL-10 production, which leads to down-regulation of TNF expression (Fig. 3 B and C) .
CD40 Signaling Induces IRAK1 Sumoylation; and TLR4 Signaling Provides IFN Regulatory Factor 5 as a Chaperone for IRAK1 Nuclear Translocation. As previously reported (19, 20) , we confirmed that IRAK1 was indeed sumoylated-but not with LPS treatment alone ( Fig. 4E and Fig. S5 ). Because CD40 signaling induces IRAK1 sumoylation (Fig. 4E ) but does not translocate IRAK1 to the nucleus (Fig. 4A) , we expected the involvement of TLR4 signaling to achieve IRAK1 nuclear translocation. Because IRAK1 does not have a nuclear localization signal (Predict Protein software; www.predictprotein.org), a chaperone protein may be involved in IRAK1 nuclear translocation. Based on the report showing that TLR4 signaling causes nuclear translocation of IFN regulatory factor 5 (IRF5) (21), we asked whether IRF5 could be a chaperone of IRAK1. Indeed, IRF5/IRAK1 association was enhanced with TLR4/CD40 costimulation (Fig. 4F) . Although LPS stimulation alone is sufficient for IRF5 nuclear translocation, IRAK1 nuclear translocation required TLR4/ CD40 costimulation (Fig. 4G) . In vivo colocalization and nuclear translocation of IRF5 and IRAK1 were observed in splenic macrophages of mice 3 h after LPS treatment (Fig. S6) . The data suggested that CD40 signaling was required for IRAK1 sumoylation and that TLR4 signaling was required for nuclear translocation of IRF5, which serves as a chaperone of IRAK1.
TRAF2 Mediates IRAK1 Sumoylation in Macrophages Simultaneously
Stimulated Through TLR4 and CD40. Because sumoylation is generally exerted by E3 ubiquitin ligases (22), we sought a role played by E3 ubiquitin ligases, TRAFs. Because CD40 stimulation was sufficient for IRAK1 sumoylation (Fig. 4E and Fig. S5 ), we focused on TNF receptor-associated factor 2 (TRAF2), which is involved in the CD40-signaling pathway but not in the TLR4 pathway (23) . We first found that CD40 stimulation enhanced association between TRAF2 and IRAK1 in LPS-stimulated macrophages (Fig.  5A ). Traf2 shRNA treatment, which reduced TRAF2 expression (Fig. 5B) , resulted in the attenuation in the following events; IRAK1 sumoylation (Fig. 5C) , interaction between IRAK1 and IRF5 (Fig. 5D ), IRAK1 nuclear translocation (Fig. 5E) , and IL-10 production (Fig. 5F ). The data demonstrated the critical role of TRAF2 in IRAK1 sumoylation and nuclear translocation to induce IL-10 production. We have previously found interaction between IRAK1 and iOPN (24); thus, an iOPN-specific mechanism is possibly involved in the CD40-mediated IRAK1 modification. We first found that IRAK1 colocalized with OPN in the cytoplasm after simultaneous stimulation of TLR4 and CD40 (Fig. 6A) and was coimmunoprecipitated with OPN after TLR4/CD40 costimulation (Fig. 6B) . In Opn −/− macrophages, IRAK1 showed attenuated phenotypes in sumoylation ( Fig. 6C and Fig. S7A ), association with TRAF2 (Fig.  6D) , and nuclear translocation (Fig. 6E and Fig. S7 Final concentrations of LPS and Ab/IgG in tissue culture were 100 ng/mL and 10 μg/mL, respectively. All of the experiments here are representative of at least two similar experiments. *P < 0.05.
( Fig. S7D) , which ended up to show no increase of IL-10 production (Fig. 6F) , with significantly less IL-10 production than WT macrophages (Fig. 6G) . Taken together, iOPN is involved in TRAF2-mediated sumoylation and nuclear translocation of IRAK1 to enhance Il10 gene expression. Absence of OPN in macrophages resulted in a long half-life of Tnfa mRNA (Fig. 6H ) and in failed suppression of TNF production ( Fig. 6 I and J) . However, OPN is not involved in the IL-10-mediated Tnfa mRNA destabilization because rIL-10 still down-regulated Tnfa mRNA levels without OPN (Fig. S7E) . LPS-induced IL-6 production was not altered between WT and Opn −/− macrophages (Fig. S7F) , again suggesting that the impact of OPN is specific for IL-10 and TNF. Notice that WT and Opn −/− macrophages express comparable levels of TNF when stimulated with LPS alone (Fig. 6I) , suggesting the involvement of OPN in the CD40 pathway, not in the TLR4 pathway. Importantly, Opn −/− macrophages have normal cell-surface CD40 expression (Fig. S7G) , ruling out the issue of CD40 signal intensity into macrophages.
There are two isoforms of OPN, iOPN and the secreted type of OPN (sOPN) (25, 26) . We confirmed that iOPN expression by lentivirus in Opn −/− macrophages (27) restored the T-cell-mediated effect of TNF attenuation (Fig. 6K) . On the other hand, sOPN was not involved here because treatment either with OPN neutralization Ab or with rOPN to macrophage culture failed to alter TNF production by LPS plus CD40 stimulation (Fig. S7H) . These results confirmed that iOPN, but not sOPN, is critical for T-cellmediated TNF attenuation.
Finally, we found that Opn −/− mice were susceptible to endotoxemia regardless of their Rag2 genotype (Fig. 6L) . Serum levels of TNF and IL-10 in LPS-injected Opn −/− mice showed no significant difference from those in Opn −/− Rag2 −/− mice ( Fig. 6M ) whereas more TNF and less IL-10 levels were observed in the absence of OPN, compared with WT mice (Fig. 6M) .
Macrophages isolated from LPS-treated Opn
−/− mice showed (Data in B and C were obtained from the same set of lysates. Therefore, we used the same β-actin blots for the internal control of B and C. Scale bar in E, 5 μm.) (F) IL-10 production in macrophages stimulated with LPS plus CD40Ab for 24 h was detected by ELISA. Final concentrations of LPS and Ab/IgG in tissue culture were 100 ng/mL and 10 μg/mL, respectively. *P < 0.05. Data are presented as mean ± SEM (n = 4 per group).
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elevated Tnfa and reduced Il10 mRNA expression, but no change in mRNA expression of Il6 and Cxcl1 (Fig. S7I) . The data here suggested that OPN is critically involved in CD40 signaling to attenuate TNF levels in LPS endotoxemia.
Discussion
Our in vivo and ex vivo data showed that CD40 ligation of macrophages is essential for the suppressive function by adaptive immune cells. It seems that T cells expressing CD40L play a role in the suppression. As demonstrated by a previous report (28) and our results here (Fig. S2 A and B) , Foxp3 + Tregs constitutively express CD40L and may provide CD40L to macrophages. CD62L
+ T cells from LPS-treated mice expressed CD40L and seemed to be CD40L providers whereas CD62L +
CD4
+ T cells from naive mice did not express CD40L (28) (Fig. S2 A and B) . In our experiment, we used T cells obtained from naive mice and found them to suppress TNF production by macrophages. This suppression seems to be attributed to the inclusion of a detectable population of CD62L − CD44 + CD4 + (effector) T cells, which express CD40L (Fig. S2 A and B) in naive mice. Such a population appears in naive cells due to activation by commensal bacteria, environmental antigens, and homeostatic proliferation. In fact, all these CD40L-expressing CD4 + T subpopulation can suppress macrophage TNF production (Fig. S1D) . In addition to CD4 + T cells, CD8 + T cells protected mice from LPS endotoxemia, suppressed macrophage TNF production, expressed CD40L in endotoxemic mice, and colocalized with macrophages soon after LPS treatment. Therefore, CD8
+ T cells also contribute to the suppression of early innate inflammatory responses by adaptive immune cells in vivo. On the other hand, B cells did not seem to migrate toward macrophages. Because B cells were reported to play a role in protective early innate immune responses during bacterial sepsis (9), B cells use a different mechanism from that which T cells use for controlling hyperinflammation.
Microscopic analyses demonstrated that T cells physically interact with macrophages in the spleen after, but not before, 3-h LPS treatment. Consistent with the timing of the T cell-macrophage in vivo interaction, WT and Rag2 −/− mice showed different serum levels of TNF and IL-10 after, but not before, 3-h LPS treatment. Therefore, T-cell-mediated suppression of the proinflammatory response in innate immunity seems to start only 3 h after LPS injection. The data suggest that the proinflammatory response in the innate immune system is at full throttle soon after infection. However, to minimize tissue damage, hosts have to start applying the break. Using T cells for this purpose may be one of multiple ways for hosts to negatively control the full-blown proinflammatory response. Here, future studies are needed to determine what makes T cells start migrating toward macrophages 3 h after LPS injection.
A recent study showed that IRAK1-deficient mice showed reduced susceptibility to sepsis induced by cecal ligation puncture (CLP) (29) . The result does not conflict with our results here; rather, it shows that the primary role of IRAK1 is to induce (M) TNF and IL-10 levels in serum isolated from mice 12 h after LPS injection. All experimental data are representative of at least two independent experiments. Final concentrations of LPS and Ab/IgG in tissue culture were 100 ng/mL and 10 μg/mL, respectively, unless otherwise noted. *P < 0.05. . Schematic diagram of CD40-mediated suppression of TNF production. CD40 signal controls excessive TNF production by LPS-stimulated macrophages. First, CD40L on T cells stimulates CD40 on macrophages. On the other hand, LPS stimulates TLR4. CD40 signaling induces IRAK1 sumoylation in the presence of TRAF2 and intracellular isoform of osteopontin (iOPN). Sumoylation of IRAK1 allows its interaction with IRF5, which is activated by TLR4 signaling and works as an IRAK1 chaperone to the nucleus. Nuclear IRAK1 then binds to the Il10 promoter in macrophages. In an autocrine fashion, IL-10 activates IL-10R signaling, which destabilizes Tnfa mRNA. Therefore, dual signaling from CD40 and TLR4 are essential to control TNF in this mechanism.
proinflammatory responses mainly through NFκB in the TLR/IL-1R signaling. In fact, the report demonstrated that IRAK1-deficient mice with sepsis resulted in the general down-regulation of cytokines, including IL-6, IL-10, and IL-1β, as shown by the CLP study with IRAK1-deficint mice (29) . In contrast, our study showed an NFκB-independent pathway in the presence of IRAK1, which elicits a distinct role as a transcription factor downstream of CD40.
We showed that CD40 agonistic Ab induced NFκB activity in B cells, but not in macrophages (Fig. S3A) . A review article (30) mentioned that macrophages have weaker sensitivity to CD40 stimulation than B cells, and that CD40 agonistic Ab and soluble CD40L are not potent enough to elicit macrophage proinflammatory responses. Therefore, it is possible that biological responses triggered by CD40 stimulation widely vary depends on cell types and the intensity of CD40 signaling. Our data suggested that CD40 Ab stimulation (i.e., weak CD40 stimulation) elicits the anti-inflammatory role of CD40. But immune responses by weak vs. strong CD40 stimulation are still not clear, particularly in vivo. This question brought us to the conflicting results in previous studies regarding the role of CD40 in sepsis and LPS endotoxemia. Some studies demonstrated the protective role of CD40, as we did. Those include the strong correlation between CD40 expression on peripheral blood monocytes and improved outcome in septic patients (31) , and the protection of mice from CLP sepsis and acute Salmonella infection by agonistic CD40 Ab treatment (32, 33) . In contrast, another study showed that Cd40 −/− mice were more resistant to sepsis by CLP although Cd40l −/− mice were as susceptible as WT mice (34) . The study (34) , in which a CLP model was used, also demonstrated that bacterial heat shock protein 70 (HSP70) directly stimulates CD40, suggesting that distinct responses between Cd40 −/− mice and Cd40l −/− mice to CLP may be attributed to CD40 stimulation by bacterial components. One possibility to explain the discrepancy in the role of CD40 is that various CD40 ligands (bacterial ligands, CD40L on cells, therapeutic CD40 agonistic Ab) have different affinity to CD40, enough to differentially activate CD40 signaling. Different intensity of CD40 stimulation may have generated different biological outcomes. iOPN was previously established as a proinflammatory molecule, but we found in this study that iOPN served as a negative regulator of inflammatory responses in concert with adaptive immune cells. iOPN faithfully behaves as a proinflammatory molecule when hosts are comprised of the innate immune system alone (24) . However, we have shown that iOPN could behave as an anti-inflammatory molecule when the adaptive immune system is present.
We summarized the proposed molecular mechanism downstream of CD40 and TLR4 in Fig. 7 . The CD40 signal provides TRAF2-mediated sumoylation to IRAK1 in the presence of iOPN. Sumoylated IRAK1 also interacts with IRF5, which is activated by TLR4 signaling and chaperones IRAK1 to the nucleus. It is possible that sumoylated IRAK1 uses other IRFs than IRF5 as a chaperone. Here, we suggest that this mechanism, triggered by dual activation of the TLR4 and CD40 pathways, plays a role in attenuating excessive TNF expression by myeloid cells in the presence of T cells.
In this study, we elucidated a molecular mechanism by which adaptive immune cells play a protective role, in an antigenindependent fashion, by controlling hyperinflammation in the innate immunity at the early stage of septic endotoxemia.
Materials and Methods
To induce endotoxemia, purified Escherichia coli LPS (serotype 055:B5; SigmaAldrich) was administered i.p. into mice (40 mg/kg). Sex-matched (male or female) and age-matched (5-to 6-wk old) animals were used for all of the experiments. Detailed descriptions of animals, T-cell adoptive transfer, confocal microscopy and two-photon analyses, coimmunoprecipitation, cell preparation and culture setup, cDNA preparation and real-time PCR, measurements of NFκB activity and Tnfa mRNA stabilization, and ChIP assays are found in SI Materials and Methods.
